ABSTRACT: The mathematic model of aluminum extrusion processes using finite volume method (FVM) was established by FVM in this paper. Basic theory and key technologies of this model were researched and built. Non-orthogonal blocked structured girds were used to fit complex geometries, the governing equations were directly discretized on boundary-fitted non-orthogonal grids. Volume of Fluid (VOF) scheme was used to capture the free surface of the deforming material. A simulation program AE-FVM was developed. A typical thin-walled aluminum profile extrusion process was simulated and the extrusion die was optimized by using AE-FVM and FVM software MSC/SuperForge respectively, and the comparisons of the results showed that the mathematic model established in this paper was feasible and exact.
INTRODUCTION
Aluminum profiles are widely used in aircrafts, autos, trains, buildings and machines due to their lightweight, high strength, plastic deformation ability and good corrosion resistance. In the aluminum profile extrusion processes, metal flow or deformation is not uniform. The non-uniform deformation often results in some defects to aluminum profiles such as wrapping, twisting and lapping, especially when porthole die with complex section and thin die bearing are used. With the increasing requirement of industry to profile complexity and light-weight, the geometries of aluminum profiles become more complex and their wall or rib thickness becomes thinner. The extrusion die design and process parameter selection become difficult. When the profiles have potholes and thin wall, the profile die design directly affects the quality of the final profiles.
Lagrangian finite element method (FEM) obtained in metal forming simulation is widely used [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . But when dealing with large deformation Squeeze, which uses the Lagrangian mesh that easily distorted, it results in frequent re-meshing, thereby causing different data transfer between grid computing error accumulation and excessive time which is too long, or even leaving the calculation stop due to a serious distortion of the shape of the data [10] [11] [12] [13] [14] [15] . Based on the finite volume method (FVM) Euler description, the re-meshing is avoided, thereby solving large deformation forming numerical simulation of problems [15] [16] [17] [18] [19] [20] . In recent years, based on the method of forming, the metal FVM simulation software MSC/SuperForge has been widely used in metal extrusion and, its feasibility and advantages have been proved [21] . But the software is not perfect, and there are some problems during aluminum extrusion simulation [22] [23] [24] [25] [26] . To solve the above problems, a mathematic model of 3D unsteady aluminum profile extrusion processes is built based on FVM with Eulerian description, with a development of the FVM method. Boundary-fitted non-orthogonal block-structured grids are adopted to fit for complex geometry and, local mesh refinement is available. Governing equations are directly discretized on boundary-fitted non-orthogonal grids, so only rectangular coordinate is used in governing equations and, coordinate transformation between rectangular coordinate and curvilinear coordinate is not required. A special treatment of discretized equations is applied to offset the negative effects of grid non-orthogonality. Collocated arrangement strategy is chosen to store all the variables at the cell center, and the cell face values are obtained by interpolating neighbor cell center values. The SIMPLE algorithm is employed to solve pressure-correction equation and, strongly implicit procedure is used to solve the final algebraic equations.
VOF method is applied on non-orthogonal grids to catch the free surface of the deforming material. The aluminum alloy material is described as a non-linear Newtonian fluid material and its constitutive relation is given. A typical thin-walled aluminum profile extrusion process was simulated, and the extrusion die was optimized by using AE-FVM and FVM software MSC/SuperForge respectively, and the comparisons of the results showed that the mathematic model established in this paper was feasible and exact.
CONSERVATION EQUATIONS
The integral form of the above conservation equations can be written as:
Where  is volume of control volume cell; S is area of control volume cell surface;  is density of the deforming material; v is velocity vector through control volume cell surface;  ij is Cauchy stress tensor;
T is temperature; b is body forces per unit mass; c is the specific heat;
K is the thermal conductivity; n is the unit normal vector of control volume surface; t is time. The constitutive equations are required to close the system conservation equations. Aluminum here is treated as incompressible non-Newtonian material. In the present model, the flow stress which is a function of effective strain and effective strain rate is expressed as follows:
Where G , m, n and 0 G are respectively material constants,. ,,    are respectively effective stress, effective strain and effective strain rate.
NON-ORTHOGONAL STRUCTURED GRIDS
The generic conservation equation is directly discretized on collocated grids. For non-orthogonal grids, the collocated arrangement is more attractive than staggered arrangement, which is almost impossible to be used on non-orthogonal grids. Collocated arrangement with Cartesian velocity components on non-orthogonal grids is shown in Figure 1 . For this arrangement, all the variables are stored on the cell center and one grids system is enough for all variables. In order to filter out pressure oscillations brought by this arrangement, pressure gradients at the cell faces can be replaced by compact central-difference approximations used in this model. The complicated solution domain is discretized by hexahedral non-orthogonal control volume cells. In this paper, for a random control volume, its center point is defined as P. Its east control volume center is defined as E and the corresponding interface is defined as e, the control volume and the notation are shown in Figure 2 . We can see that line PE is not perpendicular to cell surface, and line PE does not passes through the cell face center e . So assistant nodes P and E are needed to calculate normal gradients of cell surface. The error caused by this non-orthogonality can be eliminated by deferred correction used in this model.
Non-orthogonal grids are good fitting to complex boundary, and boundary conditions are more easily implemented. However, for structured grids, it is usually difficult to mesh a complicated calculation zone by a single block because of the need for specific topological relations, so block-structured grids are considered. By using such grids, calculation zone can be divided into several blocks and calculated together. So any complex geometry can be fitted by such grids. 
FRICTION BOUNDARY CONDATION
Friction greatly influences the metal flow, flow surface, stresses and strains of deforming metals. In this paper, we use plastic shear friction model to express the friction shear stress. The profile of tangential velocity component near solid boundary is shown in Figure 3 . using "Dirichlet" model.
297

 
Where "< >" is "McCauley" bracket, it means the terms in the bracket are active only for  is greater than zero. PB L is the distance of nodes P and B in normal vector direction.
FREE SURFACE TRACKING
Free surface tracking is necessary in the simulation of non-steady aluminum extrusion process.
Different from Lagrangian representation, in an Eulerian representation the grid remains fixed and, the identity of individual fluid elements is not maintained. Interface-tracking method is popular used in the frame of Eulerian methods, which does not regard the free surface as a clearly sharp interface, and the liquid in the whole computational domain is marked. There are two major methods based on the theory of interface-tracking method: marker and cell (MAC) method and volume of fluid (VOF) method.
The MAC method spread marker particles all over fluid occupied regions, and each particle is specified to move with the fluid velocity, then surfaces can be defined between regions with and without marker particles.
The VOF method adopted by this paper is probably most widely used today, and it is shown to be more flexible and efficient than other methods for treating complicated free boundary configurations in the frame of Eulerian approach. Here it is developed to 3D non-orthogonal grids. This method defines a function F whose values character the volume fraction of liquid, and it satisfies the transportation equation:
The value of the function F is one or zero and, it represents the presence or absence of liquid. Since F is a step function, a donor-acceptor method is applied to preserve its discontinuous nature.
When the volume of fluid governing equation is integrated on the control cells, the change of F in each cell becomes the amount of F flux through the interface of neighbor cells.
For a control cell, the control volume and the notation used by VOF are shown in Figure 4 . The total flux of fluid through its east face per time step t  is
VS t
 , where V is the normal velocity at the interface, and S is the area of the interface. The amount of F flux across the cell face in one time step is F  : A parameter NF is signed for each cell to decide the orientation of free surface and the cell is either a donor or an acceptor cell. Its value depends on parameter  
C C=E,W,N,S,T,B SF
, which is defined as the sum of F of nine related cells in each side. Taking the east side of a cell P shown in Figure 5 as an example, the E SF is calculated as: The values of C SF in other five sides can be calculated in the same way. For example, if NF of cell P is equal to one, it means the cell is an acceptor cell with a donor cell at the left side, so the liquid is located at left side and the free surface is parallel to the left interface. So subscripts of equation (8) can be confirmed. Then we can finally calculate the value of F of each inner cell by equation (10) . Flow chart for determining the surface is shown in Figure 6 : 
NUMERICAL SIMULATION AND DIE OPTI-MIZATION
In aluminum extrusion process, the metal in the extrusion die at the exit flow uniformity is the profile of quality assurance, which is reflected in the uniformity of the final shape of the front end of the profile. In order to adjust the metal in the extrusion die at the exit velocity distribution, we use an additional diversion channel approach to optimize the extrusion die, and use redistribution of the metal flow diversion channel to adjust the uniformity of the outlet end of the flow rate.
The pocket die geometry of extrusion model is shown in Figure 7 . Non-orthogonal block structured grids used in AE-FVM is show in Figure 8 . The bearing length is 2 mm, the pocket height is 4 mm, and the billet dimension is Φ50 × 10 mm. Billet initial temperature is 773.15 K, die initial temperature is 673.15 K, inlet velocity is 0.01 ms -1 , and the friction coefficient is 0.1. r is small arc diameter; L is the distance between two small arc and center point; R is the diameter of the large and the small arc tangent arc; h is the diversion channel height; diversion channel design scheme can be seen in Table 1 . The front shape of profile obtained by different die pocket design is shown in Figure 9 , the left side is the AE-FVM result, and the right side is the SuperForge result. The simulation results obtained from scheme 1 can be seen from Figures 9(a) and 9(b) due to the redistribution of the flow channel of the metal flow, the local ends of the profile extrusion ratio increases, and both ends of the metal flow speed, but more than the center of the extrusion length, so extruded profiles concave the shape of the tip. Scheme 2 expands the small-diameter arc based on scheme 1, and simulation results obtained can be seen in Figures 9(c) and 9(d) . The extruded profile is still greater than the length of the ends of the center, but scheme 1 is the weakened after comparison. This is because it is tangent arcs between large and small arc relations, increasing that the diameter of the equivalent of a small arc overall enlarges the flow channel cross section, and therefore weakening the regulation of the metal flow diversion channel.
Scheme 3 expands the large-diameter arc based on scheme1, and the simulation results obtained can be seen in Figures 9(e) and 9(f). Because of the increased diameter of the large arc, profiles at the center local extrusion correspondingly increase than that of the opposite scheme 1. Therefore, metal velocity which profiles relative scheme 1 center to accelerate the final extruded profiles relatively flat front end is an ideal design scheme.
Scheme 4 reduces the distance between two small arc centers based on scheme 3, equivalent to reducing the ends of partial extrusion ratio while increasing the local center of extrusion ratio. So compared with scheme 3, metal profiles centers relatively rapid flow rates, and both ends of the metal flow rate profile are relatively slow and the convex profile extrusion and simulation results are eventually shown in Figures 9(g) and 9(h).
Scheme 5 reduces the height of the flow channel based on scheme 3, and the simulation results obtained can be seen in Figures 9(i) and 9(j). Because the high diversion tank is too small, the flow channel cannot fully play the role of lead metal velocity profile extrusion center remains fast at both ends, and the front end shape of the final extruded profile is convex. It follows that diversion tank must guarantee a certain height in order to give full play to the role of guide groove of the metal flow redistribution.
R, r and L dimension essentially regulate local extrusion ratio, and h is the effect of local extrusion ratio effect play. In terms of the parameter γ = (center velocity / side velocity) to represent the velocity distribution, we can find out through five schemes that are summarized: γ increases with increasing R; γ increases with increasing r, but the effect is not as good as increasing R; γ decreases with increasing L; γ decreases with increasing h, but certainly there is a limit, just to ensure a minimum height can be ok. By contrasting the results in Figure 6 , it can be found that in the metal flow trends, two methods which are obtained are basically the same, so as to obtain the basic shape of the tip extrusion profiles consistent. It also can be seen that although SuperForge is a very fine surface mesh, but it is still too large due to the amount of deformation of the surface mesh distortion generated situation, so the free surface is prone to burr. AE-FVM which employed VOF method can effectively track the deformation of the material; however, to obtain a smooth free surface, the actual situation is more complex.
SUMMARY
The mathematic model of aluminum extrusion processes using finite volume method (FVM) was established by FVM basic theories and rigid-plastic flow theories. A simulation program AE-FVM was developed. A typical thin-walled aluminum profile extrusion process was simulated and the extrusion die was optimized by using AE-FVM and FVM software MSC/SuperForge respectively, and the comparisons of the results showed that the mathematic model established in this paper was feasible and exact.
